In this report we explore the hypothesis that arterial stiffness indices, which predict cardiovascular disease, might also correlate with microalbuminuria (MA) in type 1 diabetes (T1D), and thus have potential for risk assessment. Three pulse wave analysis (PWA) indices, measured using the SphygmoCor device, were evaluated on 144 participants with childhood-onset T1D. These variables, augmentation index (AIx), augmentation pressure (AP) and subendocardial viability ratio (SEVR, an estimate of myocardial perfusion) (an estimate of myocardial perfusion), were each analysed crosssectionally in relation to both prevalent MA (defined as albuminuria excretion rate (AER) = 20-199 mg/min) and renal function (assessed by both eGFR and serum cystatin C). AP and SEVR were each univariately associated with AER, estimated glomerular filtration rate (eGFR) and cystatin C. Lower SEVR was also independently related to the presence of MA and degree of albuminuria within normo-and microalbuminuric participants. SEVR, not AP, was independently and negatively associated with both measures of renal function. SEVR is a better predictor of AER than brachial blood pressure measures in those without clinical proteinuria, indicating a potential use for PWA in the early detection of individuals at risk for cardiovascular and renal complications of T1D.
Introduction
Diabetic nephropathy (DN) is a major complication of T1D, 1 and often leads to ESRD. 2 Known risk factors for DN in T1D include age, diabetes duration, poor glycaemic control, dyslipidaemia, and elevated blood pressure (brachial systolic and mean arterial pressure). [3] [4] [5] However, these factors do not entirely explain the risk of nephropathy development or its progression. DN is also linked to other major T1D complications, such as retinopathy and cardiovascular disease (CVD). [6] [7] [8] In the general population, reduced renal function has been associated with greater cardiovascular mortality, 9, 10 increased left-ventricular mass in men, 11 and subclinical atherosclerosis. 12, 13 Albuminuria (a measure of renal damage) is also associated with increased risk of clinical CVD and mortality in a variety of populations, including T1D. 10, 14, 15 Despite extensive studies, the underlying mechanisms relating renal damage (and/or decreased renal function) to cardiovascular complications are not completely understood.
PWA utilising applanation tonometry measures variables associated with the forward propagation and reflection of One such measure, AIx, has been linked to progression to end-stage renal disease (ESRD) in patients with chronic kidney disease 17 and was recently shown to be associated with GFR in hypertensive patients. 18 Pulse wave velocity (PWV), itself a direct measure of arterial stiffness, has also been shown to be a significant and independent correlate of eGFR, 19 and to increase in a stepwise manner with advancing stages of chronic kidney disease. 20 Measures of arterial stiffness are also associated with left ventricular diastolic function, cardiovascular events and mortality. [21] [22] [23] The association between PWA measures and measures of renal function and/or renal damage has yet to be explored in a T1D population. Therefore, the aim of this study was to examine the relationship between PWA measures and measures of both renal damage (AER) and renal function (eGFR and cystatin C) in a population with childhood-onset T1D, to assess the potential of these measures in the early identification of those at increased renal (and CVD) risk.
Methods
PWA via applanation tonometry was performed at the 18-year follow-up examination of participants in the Pittsburgh Epidemiology of Diabetes Complications (EDC) Study with childhood-onset (age <17 years) T1D. This population (n = 658) consists of individuals either diagnosed with T1D or seen within 1 year of diagnosis at Children's Hospital of Pittsburgh between 1950 and 1980 and placed on insulin therapy at initial discharge. 24 Baseline examination occurred between 1986 and 1988, with follow-up occurring biennially thereafter. The study protocol was approved by the University of Pittsburgh Institutional Review Board.
Questionnaires concerning demographic, healthcare, selfcare, and medical history were sent to participants prior to their clinic visit. Self-reported smoking history (at least 100 cigarettes in a lifetime), current smoking status and medication use were obtained. All medications were coded according to the World Health Organization's Anatomical, Therapeutical, Chemical Classification/Defined Daily Doses (ATC/DDD) codes. Medications with potential effects on PWA measures (angiotensin converting enzyme inhibitors (ACEIs), angiotensin II receptor blockers (ARBs), calcium channel blockers (CCBs), beta blockers (BBs) and nitrates) 25 were of particular interest, and use of one or more of these medications was categorised as pulse wave drug (PWD) use.
During clinic visits, brachial systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured with the participant in a seated position after a 5-min rest using a random zero sphygmomanometer, according to the Hypertension Detection and Follow-Up Program protocol. 26 Hypertension (HTN) was defined as SBP ≥ 130 mmHg, DBP ≥ 80 mmHg, or the use of antihypertensive medications for the purpose of lowering blood pressure. Height and weight were measured and used to calculate body mass index (BMI) (in kg/m 2 ). Waist and hip circumferences were measured twice and if the two measures were not ≤0.5 cm apart, then a third measure was taken. Means of waist and means of hip measurements were used to calculate waist-to-hip ratio (WHR).
Total cholesterol was measured enzymatically. 27 Highdensity lipoprotein cholesterol (HDL-c) levels were determined by a precipitation technique (heparin and manganese chloride) with modification of the Lipid Research Clinics method. 28 Non-HDL-c levels were calculated by subtracting HDL-c from total cholesterol. Blood samples were analysed for HbA 1c using the DCA 2000 analyzer (Bayer Diagnostics, Tarrytown, NY). Estimated glucose disposal rate (eGDR) (a measure of insulin sensitivity) was calculated using a regression equation derived from hyperinsulinaemic-euglycaemic clamp studies of 24 subjects chosen to represent the full spectrum of insulin resistance: eGDR = 24. 2 ), mild renal insufficiency (eGFR = 60-89), moderate-to-severe insufficiency (eGFR = 15-59), and ESRD (eGFR < 15). Cystatin C was measured turbidimetrically on an Olympus AU 640 using reagents purchased from DakoCytomation N. America, Inc. (Carpiteria, CA). Cystatin C was categorised as high if ≥1.0 mg/L and normal if <1.0 mg/L. AERs were calculated using urinary albumin levels from at least two validated timed sample collections (24-h, overnight and/or timed samples during exam). Degree of albuminuria was categorised as normo-(AER < 20 µg/min), micro-(20-200 µg/min) or macroalbuminuria (>200 µg/min). Those reporting a history of renal transplant or dialysis were considered to have a history of renal failure and were excluded from this analysis.
The 18-year follow-up exam (November 2004-November 2006) consisted of 309 participants corresponding to 70.4% of those alive and locally residing. PWA testing began part way through the 18-year examination period (January 2006) and, thus, 189 remaining participants were potentially available for PWA. Of these, 144 (76%) agreed to PWA testing. Aortic AIx, aortic AP and SEVR were derived from radial artery waveform measures using the SphygmoCor Px version 7.01 (AtCor Medical, Sydney, Australia). Briefly, a high-fidelity micromanometer with a frequency response of >2 kHz (Millar Instruments, Houston, TX) was gently pressed over the right radial artery until a consistent waveform was produced. After obtaining ≥20 sequential waveforms, measurement was stopped. Central pressure values were estimated from radial measurements using the software's mathematical transfer function; 32,33 the accuracy and reliability of which have been validated. 34 As the left ventricle contracts, the pressure wave moves forward until meeting sites of resistance, which reflect the wave backwards. Stiffer artery walls result in earlier wave reflection. 16 Systolic pressure is augmented when the reflected wave returns during systole rather than diastole, and AP is the portion of the central systolic pressure contributed by the early reflected wave. AIx is expressed as a percentage of the pulse pressure (AIx = AP/PP × 100) and reflects the level of augmentation measured. Heart rate is inversely associated with AIx and AP. 35 SEVR is the ratio of the diastolic area under the curve (AUC) of an arterial pulse wave to the systolic AUC. 36 SEVR is a ratio of myocardial perfusion (as coronary artery perfusion takes place primarily during diastole) to myocardial contraction, and it serves as a non-invasive, tonometric measure of myocardial perfusion relative to cardiac workload. The SphygmoCor device provides a quality index (QI), which represents reproducibility of the waveform. PWA measures with a QI < 80 were repeated. Only measures with a QI ≥ 80 were included in this study.
Each variable's distributional characteristics including normality were assessed. AP, AER, cystatin C were not normally distributed. Student's t-test (for parametric) and the Mann-Whitney U-test (for non-parametric) were used to compare continuous variables between two groups. Oneway ANOVA (parametric) or Kruskal-Wallis tests (nonparametric) were used for comparisons among three or more groups, and the χ 2 test was used for categorical variables. Pearson's and Spearman's correlations were used as appropriate. Stepwise linear and logistic regression analyses were performed for continuous and binary outcomes, respectively. A significance level of <0.10 was used for entry into models. All continuous variables were standardised by subtracting the mean and dividing by the standard deviation of each variable. Models were adjusted for the potential confounders of PWA measures (height and heart rate for AIx and AP and heart rate only for SEVR). Age and sex were not available to multivariate models for MDRD eGFR as both of these factors are included in its calculation. Analyses were completed using SPSS v15 for Windows (SPSS, Chicago, IL).
Results
Of the 144 EDC participants with PWA measures, 11 (7.6%) were excluded due to a history of renal failure (transplant or dialysis). Mean age ± SD and T1D duration for the remaining 133 participants were 44.3 ± 7.4 and 36.1 ± 6.7, respectively. Of the 133, AER measurements were available for 130 (97.7%), MDRD eGFR could be calculated for 129 (97.0%), and cystatin C was available for 118 (88.7%) participants.
PWA measures and MA
Ninety-one (70.0%) of the 130 with AER measures were normoalbuminuric, 25 (19.2%) had microalbuminuria (MA) and 14 (10.8%) had macroalbuminuria. SBP and DBP increased significantly with increasing albuminuria category, as did HbA 1c , WHR, serum creatinine, cystatin C and eGFR (Table 1) . eGDR decreased with increasing albuminuria category. BMI, although having a borderline significant, positive linear trend with albuminuria category, did not significantly differ among the groups.
AIx did not significantly differ by albuminuria category and did not show a significant linear trend (Table 1 and Figure 1A ). AP increased with increasing albuminuria category (p = 0.07) and showed a significant, positive linear trend (p = 0.01) ( Table 1 and Figure 1B) . SEVR differed more significantly by albuminuria category (p = 0.002) and showed a significant, inverse linear trend (p = 0.002) ( Table  1 and Figure 1C ). Similar data are presented in Tables 1 and  2 with renal function as the outcome. In unadjusted, univariate correlations, only SEVR was correlated with AER (r = -0.35; p < 0.001). After adjustment for heart rate (and height for LnAP and AIx), SEVR remained significantly correlated with AER (r = -0.22; p = 0.01), and LnAP became positively correlated with AER (r = 0.28; p = 0.001) ( Table 2) .
PWA measures and GFR
Increased AIx (p = 0.09), AP (p = 0.03), age, SBP, WHR, AER, serum creatinine and cystatin C accompanied decreased eGFR category (Table 1) . SEVR, although showing a linear trend of borderline significance (p = 0.07), did not differ significantly between the eGFR groups (p = 0.17). AIx and AP showed an inverse linear trend (p = 0.005), both increasing with decreasing eGFR category ( Table 1, Figures  1A and 1B, respectively) . AIx, AP and SEVR were all significantly correlated with MDRD eGFR both univariately and in heart rate-and height-adjusted correlations (Table 2) .
PWA measures and cystatin C
Cystatin C was significantly correlated with AP and SEVR, but not with AIx, in both univariate and heart rate-and height-adjusted correlations (Table 2) . Those with high cystatin C (≥1.0) did however have significantly higher AIx (28.1 ± 12.1 versus 21.3 ± 10.6; p < 0.05; Figure 1A ) and AP (13.6 ± 10.0 versus 7.7 ± 4.9; p < 0.01; Figure 1B ), compared with those with normal cystatin C levels (<1.0). SEVR, although about 10 units lower in the higher cystatin C group, was not significantly different between the groups ( Figure 1C ). Other factors univariately associated with high cystatin C were older age (but not longer diabetes duration), lower eGDR, higher SBP (but not DBP), and expectedly, higher AER, serum creatinine and lower eGFR (all p < 0.001) ( Table 1) . 
Subendocardial viability ratio and renal measures
To determine whether PWA measures were associated with early renal damage, multivariate logistic regression was performed. Those with macroalbuminuria (n = 14) were excluded, and normoalbuminuria and MA were modelled. AP did not remain significantly associated with the presence of MA in multivariate models, nor was it associated with AER level in linear regression analysis. However, in multivariate analysis, each standardised unit decrease in SEVR was associated with a 65% increased risk for MA (p = 0.005) ( Table 3 , Model 1). In fact, SEVR preferentially entered multivariate models for MA over brachial SBP and DBP measures. Lower eGDR was also associated with presence of MA multivariately (OR = 0.52; 95% CI 0.30-0.89; p = 0.017). In linear regression for AER, among those with AER <200 µg/min, SEVR was again significant and entered the model preferentially over SBP and DBP. Lower HDL-c was also associated with increased AER in this model (Table 4 ). A comparison between those with moderately to severely impaired renal function (eGFR < 60) and those with normal to mildly impaired renal function (eGFR ≥ 60) showed a significant difference in AIx (p = 0.02) and AP (p = 0.006), but not SEVR (p = 0.13). However, multivariately, each SD decrease in SEVR was associated with a 56% increased risk for low eGFR (<60) (p = 0.02), was selected over brachial SBP and DBP measures, and remained significantly associated with low eGFR after adjusting for heart rate and ACEI/ARB medication use. No other factors were significantly associated with eGFR in this model (Table 3 , Model 2). Neither AIx nor AP was significant in multivariate models for low eGFR. Linear regression for eGFR in the total population showed results similar to logistic regression for AIx, AP and SEVR. However, SBP diminished the statistical significance of the SEVR-eGFR relationship in the linear model.
Results of logistic regression for cystatin C were similar to those seen for low eGFR. AP, although significant in a model only adjusting for heart rate and height, did not remain significant multivariately. In multivariate models for high cystatin C, one standardised unit decrease in SEVR translated into a 69% increased risk for high cystatin C (Table 3 , Model 3). In a model allowing for brachial SBP and DBP, both SEVR and SBP were significantly associated with high cystatin C. However, the model with hypertension status instead of SBP was a better fitting model (Table 3 , Model 3). Adjustment for PWD use instead of ACEI/ARB use did not substantially change any of the models in Table 3 . Neither age nor sex entered models for cystatin C (data not shown).
Discussion
The prominent findings of the present study are that PWA measures, particularly AP (a measure of arterial stiffness) and SEVR (an estimate of myocardial perfusion), are associated with both renal damage (even at the microalbuminuric level) and poor renal function in T1D. SEVR's relationship with both renal function and renal damage remained significant in multivariate models, and SEVR was preferred over brachial SBP and DBP in models predicting albumin excretion rate, microalbuminuria, high cystatin C and low eGFR. Table 2 . Bivariate correlations and heart rate-adjusted partial correlations between AIx, AP and SEVR with AER, eGFR and cystatin C in the Pittsburgh EDC PWA study population.
Variables Albumin Excretion
Rate ( Univariately, AIx was not associated with AER (continuously or categorically), was only borderline significantly associated with eGFR (continuously and categorically), and was associated with high cystatin C compared with normal but not with cystatin C continuously. In the Hoorn Study, there were significant increases in aortic AIx with increasing albuminuric quartile (measured using urinary albumin-to-creatinine ratio (ACR) in a general population). 37 However, after adjusting for age, sex, glucose tolerance status and mean arterial pressure, AIx was no longer significantly associated with ACR. This study also found no significant relationship between AIx and eGFR (also MDRD calculated), consistent with the present study. It is important to note, however, that the Hoorn Study did find an association between other measures of vascular stiffness and both ACR and eGFR. Likewise, in the present study, higher AP was associated with higher AER and higher albuminuric category, as well as with eGFR and cystatin C. The difference in the associations of AIx and AP with renal damage and renal function may be due to the notion that AIx has limitations in its use as an arterial stiffness index in some populations due to its calculation: AP/PP. Simultaneous rises in both AP and PP can result in a stable AIx, thereby reducing its usefulness as a surrogate for change in central pressure waveforms. 38 This limitation is especially apparent in older populations, for which AP may be a more suitable measure of arterial stiffness, 39 and may occur earlier in T1D populations, especially in those who have higher PPs and accelerated vascular aging. 38, 40 To date, we are unaware of any studies that have examined the relationship between SEVR and renal function or renal damage. Our findings suggest that estimated myocardial perfusion is reduced in those with greater damage and reduced function. This is even true when comparing microalbuminuric T1D participants to those within the normal range. This finding is consistent with the fact that albuminuria, even at the micro level, is associated with CAD in T1D and other populations. [41] [42] [43] [44] In our renal function analyses, we looked at both eGFR and cystatin C, because eGFR is used in current clinical practice, and recent findings suggest that cystatin C may be superior to serum creatinine in assessing GFR, especially in T1D populations. 45, 46 AP was associated with both eGFR and cystatin C, but the addition of SBP to the multivariate models eliminated the statistical significance of the association. This is not surprising since AP represents the increase of central SBP due to early return of the reflected pulse wave, which would be represented as an increase in brachial SBP. Yoshida et al. found an association, albeit weak, between increased brachial-ankle PWV, another measure of arterial stiffness, and MDRD eGFR in those with normal to mild (eGFR = 60-90 ml/min/1.73 m 2 ) renal function impairment. 47 Wang et al. found a stepwise increase in PWV with decreasing chronic kidney disease category. 20 Although we also found an association between arterial stiffness (using AP) and renal function, the only significant association was found when comparing those with normal and mild impairment to those with moderate and severe impairment. In other regression models, both linear in overall or in subgroups of the population (no/mild impairment versus moderate/severe) and logistic models for mild impairment compared with normal function, neither AP nor SEVR was associated with eGFR outcomes.
Chade et al. showed that low MDRD eGFR (<60) was univariately associated with coronary microvascular dysfunction (defined as coronary flow reserve (CFR) < 2.5, evaluated using intracoronary adenosine). 48 This is consistent with our finding that SEVR is associated with eGFR. However, in multivariate analysis, the association did not remain significant. The attenuation of the association between renal function and reduced CFR occurred after adjusting for age and gender. In our multivariate analysis detailed in Table 3 (Model 2), we did not make age or sex available to the eGFR models, since age and sex are used in the calculation of MDRD eGFR. When we allowed for these two variables, they did enter the models with overinflated ORs. By not allowing age and sex to distort the analysis, we find that SEVR is associated with renal function as measured by eGFR, which is confirmed by our cystatin C analysis, which allowed for both age and sex, and SEVR was significantly related to high cystatin C.
This study is not without limitations. First, the sample size was relatively limited. However, this is the largest study to date to assess PWA measures (AIx, AP, and SEVR) in T1D. Another limitation is that compared with those at the 18-year follow-up who did not have PWA measures, the PWA study group had significantly lower follow-up AER measures and WHR and, therefore, may represent a healthier segment of our T1D population (data not shown). Finally, this study examines cross-sectional associations between PWA measures and renal measures and, therefore, prospective studies are necessary to confirm these results. These limitations, however, are more likely to hinder finding significant relationships than demonstrate false relationships. In summary, higher AP and lower SEVR are associated with both renal damage and renal function in T1D. Of great importance is the positive relationship between SEVR and AER in those with no or mild renal damage, which appears to be a better predictor of AER than SBP. These findings underscore the potential value of PWA in the early detection of those at risk of renal disease and CVD. Hopefully, this will also lead to a better understanding of the entire pulse wave, rather than just using brachial SBP and DBP, and its role in renal dysfunction and damage. PWA can be quickly and easily measured in a clinical setting and thus might be a feasible addition to assess renal complication risk and facilitate earlier intervention (e.g. ACEI or ARB use). Prospective research is needed to confirm these cross-sectional findings.
